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CLAIMS 

I claim: 

1 . A method of removing empty string terms from an automaton A having a set 
of states "p", a set of states "q", and a set of outgoing transitions from the set of states 
"p", E[p], the method comprising: 

computing an s-closure for each state "p" of the automaton A; 

modifying E[p] by: 

removing each transition labeled with an empty string; and 

adding to E[p] a non-empty-string transition, wherein each state "q" is 

left with its weights pre-multiplied by an s-distance from state "p" to a state 

"q" in the automaton A. 

2. The method of claim 1, further comprising: 

removing inaccessible states using a depth-first search of the automaton A. 

3. The method of claim 1 , wherein adding to E[p] non-empty-string transitions 
further comprises leaving q with weights (d[p,q] ® p[q]) to E[p]. 

4. The method of claim 1 , wherein the step of computing s-closure for each input 
state of an input automaton A further comprises: 

removing all transitions not labeled with an empty string from automaton A to 
produce an automaton A^; 

decomposing Ag into its strongly connected components; and 
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computing all-pairs shortest distances in each component visited in reverse 
topological order. 



5 . The method of claim 1 , wherein the step of computing s-closure for each input 
state of an input automaton A further comprises: 

decomposing Ag into its strongly connected components; 

performing a single-source shortest-distance algorithm according to the 
following pseudo code: 

1 for each p ^ Q 

2 do d[p] ^ r[p] ^ O 

3 d[s] ^ r[s] ^ T 

4 {s} 

5 while S ^ 

6 do ^ head [S] 

7 DEQUEUE (S) 

8 r<r- rfqj 

9 r[q]^ O 

10 for each e e E[q] 

11 do if d[n[e]] 9kl[n[eJJ 0(r0 wfej) 

12 then d[n[ej] ^ dfnfeJJ e(r 0w[ej) 

13 rfnfe]] ^ rfnfeJJ e(r 0w[ej) 

14 if n[ej0S 

1 5 then ENQUEUE (S, nfej) 

16 dfsj ^ I 



6. The method of claim 1 , wherein the step of computing the s-closure for each 
state "p" further comprises computing each the s-closure according to the following 
equation: 

QpJ =={{q.^:qeefp]Ap,qJ =wgK~ {O}}, 



7. The method of claim 6, wherein the step of modifying outgoing transitions of 
each state "p" further comprises modifying the outgoing transitions of each state p 
according to the following procedure: 
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(1) for each /> eg 

(2) do E[p] <-{eeE [p] : i[e] ^ e} 

(3) for each (q,w) e C[p] 

(4) do E[p]^E[p] U {(p,a,yv ®w',r) : (q, a, w', r) eE[q],a ^e} 

(5) if 9 eF 

(6) then if p 0 F 

(7) thenF <-F U {pj 

(8) p[pJ<-p[pJ^(o)^p[qJ) 



8. The method of claim 7, wherein a state is a final state if some state "q" within 
a set of states reachable from "p" via a path labeled with an empty string is final and 
the final weight is then: p[p] = © {d[p, q] ® p[q]) . 

qee[p]r\F 



9. The method of claim 8, further comprising: 

performing a depth-first search of the automaton A after removing the empty 

strings. 

10. A method of producing an equivalent weighted automaton "B" with no s- 
transitions for any input weighted automaton "A" having at least one s-transition, the 
automaton "A" having a set of states ''p", and a set of states "q", the method 
comprising: 

computing an s-closure for each state "p" of the input weighted automaton 

"A"; 

modifying outgoing transitions of each state "p" by: 

removing each transition labeled with an empty string; and 
adding to each transition leaving state "p" a non-empty-string 

transition, wherein each state "q" is left with its weights pre-multipUed by an 
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s-distance from state "p" to "q" in the automaton "A" to produce the 
automaton "B" equivalent to automaton A without the 8-transitions. 

1 1 . The method of claim 10, further comprising: 

removing inaccessible states using a depth-first search of the automaton. 

12. The method of claim 11, wherein adding to the outgoing transitions non- 
empty-string transitions further comprises leaving each state "q" with weights 
(d[p,q] ® p[q]) to the transitions leaving p. 

13. A method of claim 10, wherein the step of computing an e-closure for each 
input state of an input automaton "A" further comprises: 

removing all non-s-transitions to produce an automaton Ag; 
decomposing As into its strongly connected components; and 
computing all-pairs shortest distances in each component visited in reverse 
topological order. 

14. The method of claim 10, wherein the step of computing the s-closure for each 
state "p" further comprises computing each of the s-closures according to the 
following equation: 

Qp] =={(q.^:qee[phd[p.ql =weK~ {O}}. 

15. The method of claim 14, wherein the step of modifying outgoing transitions of 
each state "p" further comprises modifying the outgoing transitions of each state p 
according to the following procedure: 
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(1) for each/) 

(2) do E[p] <-{eeE [p] : i[e] ^ e} 

(3) for each (q,w) e C[p] 

(4) do E[p] <- E[p] U {(p,a,w<8>w ',r) : (q, a, w'.r) eE[q],a^ e} 

(5) ifq eF 

(6) thenif;?^F 

(7) thenF -f-F U {p} 

(8) pfpj ^pfpJ^ ffo^pfqD- 



ie. A method of producing an automaton B from an automaton A, the automaton 

B having no empty string transitions, the method comprising: 

computing for each state p in automaton A its s-closure C[p] according to the 

following: QpJ = {(q,^ : q e e[p], d[p,ql =weK- {O}}, where efpj represents 

states labeled with an empty string; 

removing each transition labeled with an empty string; and 

adding to each transition leaving state "p" a non-empty-string transition, 

wherein each state "q" is left with its weights pre-multiplied by an s-distance from 

state "p" to "q" in the automaton "A" to produce the automaton "B" equivalent to 

automaton A without the 8-transitions. 



17. The method of claim 16, wherein adding non-empty strings to E[p] is 
performed according to the following code: 

(1) for each/? e 2 

(2) do EfpJ^ (eeE [p] : i[e] # e} 

(3) for each (q,w) e C[p] 

(4) do E[p]'(-E[p] U {(p,a,w 0w',r) : (q, a, w', r) eE[q],a ^e} 

(5) ifq eF 

(6) then if p0F 

(7) thenF -f-F U {pj 

(8) p[pj <- p[p]^(co epfqj), 
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18. The method of claim 10, further comprising modifying E[p] according to the 
following procedure: 



(1) for each/? 6^ 2 

(2) do E[pJ^{eeE[pJ : i[e] ^ e) 

(3) for each (q,w) e C[p] 

(4) do E[pJ<-E[pJ U {(p,a,w 0w\r) : (q, a, w\ r) eE[q],a ^ej 

(5) ifq eF 

(6) then if p 0F 

(7) thenF U {p} 

(8) pfpj ^p[p]e((D ep[ql) 



19. A method of producing an equivalent weighted automaton "B" with no 8- 



transitions for any input weighted automaton "A" having a set of transitions E, 
wherein each transition "e" in the set of transitions has an input label i[e], at least one 
transition being an s-transition, a set of states each state in the set of states P is 
denoted as "p", and a set of states each state in the set of states Q denoted as "q", a 
weight w[e] for each transition "e", and E[p] the transitions leaving each state "p" and 
E[q] being the transitions leaving state "q", an s-closure for a state being defined as 
C[p], and where s[p] represents a set of states reachable from state "p" via a path 
labeled with an s-transition, the method comprising: 

computing an s-closure C[p] for each state "p" of the input weighted 
automaton "A"; 

removing each s-transition to produce an automaton Ag; and 
adding to E[p] non-empty-string transitions leaving each state "q" from the set 
of states reachable from "p" via a path labeled with an s-transitions wherein each state 
"q" is left with its weights pre-multiplied by an s-distance from state "p" to "q" in the 
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automaton "A" to produce the automaton "B" equivalent to automaton A without s- 
transitions. 

20. A method of producing an equivalent weighted automaton "B" with no s- 
transitions for any input weighted automaton "A" having a set of transitions "e", at 
least one of which is an s-transition, a set of states "p", and a set of states "q", the 
method comprising: 

computing an 8-closure C[p] for each state "p" of the input weighted 
automaton "A"; 

for each state "p", determining the non-s-transitions from state "p"; 

for each state "q" having a weight "w" within the computed s-closure C[p]: 

adding to E[p] the non-s-transitions leaving each state "q"; and 
if state "q" is part of a set of final states F, and if state "p" is not part of the set 
of final states F: 

defining state "p" as included within the set of final states "F" and the 
final weight p[p] as pre-®-multiplied by w, the 8-distance from state "p" to state "q" 
in the automaton A. 

21 , A method of removing string terms "a" from an automaton A having a set of 
states "p", a set of states "q", and a set of outgoing transitions from the set of states 
"p", the method comprising: 

computing an a-closure for each state "p" of the automaton A; 
modifying E[p] by: 

removing each transition labeled with a string term "a"; and 
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adding to E[p] a non-"a"-string transition, wherein each state "q" is left 
with its weights pre-®-multipUed by an a-distance from state "p" to a state "q" 
in the automaton A. 

22. The method of claim 2 1 , further comprising: 

removing inaccessible states using a depth-first search of the automaton A. 

23. The method of claim 21, wherein adding to E[p] non-"a"-string transitions 
further comprises leaving q with weights (d[p,q] ® iO[q]) to E[p]. 

24. The method of claim 21, wherein the step of computing an a-closure for each 
input state of an input automaton A further comprises: 

removing all transitions not labeled with a string "a" from automaton A to 

produce an automaton Aa; 

decomposing Aa into its strongly coimected components; and 

computing all-pairs shortest distances in each component visited in reverse 

topological order. 

25. The method of claim 21, wherein the step of computing an a-closure for each 
input state of an input automaton A further comprises: 

decomposing Aa into its strongly connected components; 
performing a single-source shortest-distance algorithm according to the 
following pseudo code: 

1 for each p e Q 

2 do d[p] ^ r[p] ^ O 

3 d[s] ^ rfsj ^ T 

4 {s} 
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5 while S 



6 doq^ head [S] 

7 DEQUEUE (S) 

8 r-^ r[qj 

9 r[q]^ O 

10 for oache e EfqJ 

11 do if d[n[e]J ^[n[e]J 0(r0 wfe]) 

12 then dfnfeJJ ^ dfnfej] ®(r 0w[ej) 

13 rfnfeJJ ^ rfnfeJJ 0(r 0w[e]) 

14 if n[ej 0S 

1 5 then ENQUEUE (5, nfej) 



16 dfs]^ 1 

26. The method of claim 21 , wherein the step of computing the a-closure for each 
state "p" further comprises computing each of the a-closures according to the 
following equation: 

Qp] =((q,v):qe4p],d[p,ql =weK- {O}}. 



27. The method of claim 26, wherein the step of modifying outgoing transitions of 
each state "p" further comprises modifying the outgoing transitions of each state p 
according to the following procedure: 
(1) for each/? eg 



(2) doE[p]^{eeE[p] : ifej ^ a} 

(3) for each (q,w) e C[p] 

(4) doE[p]<-E[p] U {(p,a,w 0w\r) : (q, a, w\ r) EE[q],a ^a} 

(5) ifq eF 

(6) then if p 

(7) thenF^FU {p} 

(8) p[p]<--p[p]e((oep[ql) 



28. The method of claim 27, wherein a state is a final state if some state "q" 
within a set of states reachable from "p" via a path labeled with an empty string is 
final and the final weight is then: p{p] = ® (d[p, q] ® p[q]) . 

q^e{p]r\F 
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29. The method of claim 28, further comprising: 

performing a depth-first search of the automaton A after removing the "a" 

strings. 

30. A method of removing empty string terms from a transducer A having a set of 
states "p", a set of states "q", and a set of outgoing transitions from the set of states 
"p", E[p], the method comprising: 

computing an e-closure for each state "p" of the transducer A; 

modifying E[p] by: 

removing each transition labeled with an empty string; and 

adding to E[p] a non-empty-string transition, wherein each state "q" is 

left with its weights pre-multiplied by an s-distance from state "p" to a state 

"q" in the transducer A. 

3 1 . The method of claim 30, further comprising: 

removing inaccessible states using a depth-first search of the transducer A. 

32. The method of claim 30, wherein adding to E[p] non-empty-string transitions 
further comprises leaving q with weights (d[p,q] ® p[q\) to E[p]. 

33. The method of claim 30, wherein the step of computing s-closure for each 
input state of an input transducer A further comprises: 

removing all transitions not labeled with an empty string from transducer A to 
produce a transducer A^; 

decomposing A^ into its strongly connected components; and 
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computing all-pairs shortest distances in each component visited in reverse 
topological order. 



34. The method of claim 30, wherein the step of computing s-closure for each 
input state of an input transducer A further comprises: 

decomposing Ag into its strongly connected components; 

performing a single-source shortest-distance algorithm according to the 
following pseudo code: 

1 for each p € Q 

2 do d[p] ^ r[p] ^ 0 

3 d[s]^ r[s]^ T 

4 (s) 

5 while S 7« 

6 do head [S] 

7 DEQUEUE (S) 

8 rfqj 

9 r[q]^ O 

10 for each e e E[q] 

11 do if dfnfej] ^[n[e]] e(r0 w[ej) 

12 then dfnfeJJ ^ dfnfeJJ e(r 0w[ej) 

13 r[n[e]] ^ rfnfeJJ 0(r 0w[e]) 

14 if n[e]0S 

1 5 then ENQUEUE (S, nfej) 

16 d[s]^ T 



35. The method of claim 30, wherein the step of computing the e-closure for each 
state "p" further comprises computing each the g-closure according to the following 
equation: 



36. The method of claim 35, wherein the step of modifying outgoing transitions of 
each state "p" further comprises modifying the outgoing transitions of each state p 
according to the following procedure: 
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(1) for each/? eg 

(2) do E[p]<- {eeE [pj : i[e] ^ e) 

(3) for each (q,w) e C[p] 

(4) do EfpJ^EfpJ U {(p,a,w 0w\r) : (q, a, w\ r) eE[q],a ^e} 

(5) if ^ eF 

(6) then if p 

(7) thenF^F U {p} 

(8) p[p]^p[p]®((oep[ql) 



37. The method of claim 36, wherein a state is a final state if some state "q" 
within a set of states reachable from "p" via a path labeled with an empty string is 
final and the final weight is then: p[p] ~ © (d[p, q] ® p[q]) . 



38. The method of claim 37, further comprising: 

performing a depth-first search of the transducer A after removing the empty 

strings. 
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